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FOREWORD 


The  vork  described  herein  v&s  done  by  Mr.  W.C.  Schnell 
under  the  supervision  of  Professor  J.  Oinoux,  in  partial  ful¬ 
fillment  of  the  requirements  for  receiving  the  diploma  of  the 
von  Karman  Institute  for  Fluid  Dynamics.  Mr.  Schnell,  an  American 
student,  obtained  a  grade  of  Distinction  for  the  academic  year 

1966-67. 


This  research  has  been  sponsored  in  part  by  the 
Air  Force  Office  of  Scientific  Research,  through  the  European 
Office  of  Aerospace  Research,  OAR,  United  States  Air  Force, 
under  Grant  AF  EOAR  66— U 3 . 
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ABSTRACT 

X-The  effect  of  controlled  roughness  vas  studied  on  a 
flared  ogive  cylinder  at  M  *  5.3*  with  emphasis  on  three- 
dimensional  perturbations  at  reattachment*  by  employing  pitot 
pressure  surveys  and  sublimation  techniques.  Cylindrical 
roughness  elements  Of  SLightly  less  than  the  boundary  layer 
thickness  were  used.  Protuberance  of  this  size  were  found 
not  to  contaminate  the  laminar  reattachment  compared  to  a 
model  free  of  roughness. 

The  results  indicated  that  veak  disturbances  upstream 
of  separation  became  amplified  in  the  free  shear  layer  and 
produced  significant  spanvise  pitot  pressure  fluctuatior.  at 
reattachment.  Results  of  a  systematic  investigation  of  tne 
effects  of  roughness  height,  diameter  and  spacing  are 
presented. 


•  •  • 

m  - 


TABLE  OF  CONTENTS 

FOREWORD  i 

ABSTRACT  ii 

TABLE  OF  CONTENTS  iii 

LIST  OF  TABLES  v 

LIST  OF  FIGURES  v 

LIST  OF  SYMBOLS  vi 

1.  INTRODUCTION  1 

2.  APPARATUS  5 

2.1.  Wind  Tunnel  5 

2.2.  Models  5 

2.3.  Instruments  and  Instrumentation  6 

3.  MEASUREMENTS  AND  TEST  TECHNIQUES  9 

3.1.  Flow  Visualization  9 

3.2.  Total  Head  Survey  9 

4.  PRECISION  AND  ACCURACY  11 

4.1.  Optical  Techniques  11 

4.2.  Sublimation  Technique  11 

4.3.  Pressure  Measurements  11 

4.4.  Temperature  Effects  12 

4.5.  Allignment  13 

4.6.  Model  Construction  13 

5.  GENERATION  OF  LAMINAR  FLOW  FIELD  15 

5.1.  Without  Roughness  16 

5.2.  With  Roughness  17 

6.  .  PHYSICAL  INTERPRETATION  OF  SPACING  EFFECT  21 

7.  DATA  REDUCTION  25 


-  iv  - 


RESULTS  AND  DISCUSSION 

27 

8.1.  Hollow  Cylinder 

27 

8.2.  Ogive  Cylinder 

29 

CONCLUSIONS 

36 

REFERENCES 

37 

APPENDICES 

38 

TABLES 

FIGURES 

I 


-  V  - 


LIST  OF  TABLES 

1  Hollow  cylinder 

2  Roughness  rings  RE-8,  16,  32 

3  Roughness  rings  RE-VD8 

h  Effect  of  roughness  height 

5  Effect  of  roughness  diameter 

LIST  OF  FIGURES 

1  Models  HC,  OCI,  OCII 

2  Roughness  rings 

3  Model  photographs 

U  Temperature  effect  on  pressure  level 

5  Pitot  pressure  profiles 

6  Separation  length  vs  Reynolds  number 

7  Flow  field  over  models  HC-5  and  OCII 

8  Vortex  interaction 

9  Hollow  cylinder  -  Pitot  surveys 

10  Hollow  cylinder  -  Sublimation  pictures 

11  Ogive  cylinder  -  Pitot  survey  without  roughness 

12  Ogive  cylinder  -  sublimation  without  roughness 

13  Roughness  ring  RE-8  -  Pitot  survey 

lU  Roughness  ring  RE-l6-  Pitot  survey 

15  Roughness  ring  RE-32-  Pitot  survey 

16  Roughness  ring  RE-8,  l6,  32  -  Sublimation  pictures 

17  Pitot  survey  upstream  of  separation 


18 

Roughness 

ring 

RE-VDb 

-1. 

2  -  Pitot 

survey 

19 

Roughness 

ring 

RE-VD8 

-2, 

3,  »*,  5  - 

Pitot  survey 

20 

Roughness 

ring 

RE-VD6 

-5. 

6,7,8- 

Pitot  survey 

21 

Roughness 

ring 

RE-VS 

l6- 

18°  -  Pitot 

survey 

22 

Roughness 

ring 

RE- VS 

16- 

15°  -  Pitot 

survey 

23 

Roughness 

r  ing 

RE-VS 

l6- 

8°  -  Pitot 

survey 

2U 

Roughness 

ring 

RE-VS 

l6- 

6°  -  Pitot 

survey 

£•*■  £ 


-  vi  - 


LIST  OF  SYMBOLS 

C  Chapman-Rubes  in  constant 

d  Diameter  of  roughness  dement 

K  Height  of  roughness  element 

L  Distance  to  flare-cylinder  junction  as  in  figure  1. 

AL  "Nick"  in  leading  edge 

to  Distance  of  non-interaction  betveen  two  perturbations 

t8  Separation  length  as  defined  on  page  15 

P  Static  pressure 

Po  Stagnation  pressure 

Pp  Pitot  pressure 

APp  Difference  between  peak  and  valley  pressure  levels 

r(x)  Axisymmetric  corss  section  radius 

Re  Reynolds  number 

T  Static  temperature 

t  -Time 

To  Stagnation  temperature 

Tr  Recovery  temperature 

Tv  Wall  temperature 

U  Velocity  at  edge  of  boundary  layer 

Boundary  layer  velocity  component  parallel  to  surface 
Velocity  (vector)  induced  by  vortex  motion 
v  Distance  from  valley  to  adjacent  mean 

X  Streamwise  coordinate  along  body  surface 

Xf  Flare  station  measured  from  junction 

y  Coordinate  normal  to  body  surface 

a  Cone  angle 

Y  Ratio  of  specific  heats 

A  Boundary  layer  thickness 

e  Leading  edge  thickness 


-  vii  - 


A e  "Groove"  in  leading  edge 

X  Wavelength  of  perturbation  as  defined  on  page  2b 

6  Flare  angle 

0RE  Angle  between  roughness  elements 

♦  re  Distance  between  peaks  corresponding  to  roughness 

elements  (ideally  $r£  » 

v  Kinematic  viscosity 

Note  1  :  Angular-displacement  conversion 

A  0rr  displacement  corresponds  to  0.262  0p£°  aa 

A  ♦re  displacement  corresponds  to  0.330  ♦re° 
at  flare  station  Xf  ■  30 

Note  2  ;  Unless  otherwise  specified  all  dimensions  are  in 

millimeters . 


( 


-  1  - 


I.  INTRODUCTION 

On*  of  the  moat  Important  factors  affaoting  tha 
ipanviaa  distribution  of  boundary  laytr  propartias  (i.a. 
haating  rata)  is  tha  oondition  of  thalaading  adga  or  tha 
body  furfaoa.  Irregular  it  its  auoh  as  axpansion  slots 
(anvisionad  aa  naoaasary  in  vingad  ra-antry),  oonnaoting 
rivats,  or  distortions  dua  to  tha  high  tamparatura  buckling 
may  vail  ba  proMinent  faotors  in  datarmining  the  natura  of 
tha  spanvise  boundary  layar  distribution.  Since  it  is  possible 
that  surface  irregularities  may  appreciably  affaot  tha  heat 
transfer  distribution  across  a  span,  tha  designer  of  winged 
ra-antry  configurations  must  ba  able  to  estimate  the  extent 
to  which  theea  irregularities  influence  the  downstream  boundary 
layer  distribution.  Tha  purpose  of  this  report  is  to  present 
tha  results  of  an  experimental  study  of  two  types  of  surface 
distortion,  finite  leading  adga  and  controlled  surface  rough¬ 
ness  on  a  reattaching  boundary  layer. 

In  the  course  of  a  previous  research  program  under¬ 
taken  at  von  Karman  Institute  on  laminar  separated  supersonic 
flow,  Ginoux  found  that  three-dimensional  perturbations  existed 
in  the  reattachment  region  of  the  flow  over  backward  facing 
steps  (refs.  1,  2,3).  It  was  concluded  that  this  phenomenon 
was  essentially  one  of  instability  in  the  two-dimensional  flow, 
the  main  triggering  action  arising  from  small  irregularities 
in  the  leading  edge.  It  was  further  shown  that  these  pertur¬ 
bations  were  fundamental  to  separation  in  general  as  they 
were  observed  in  various  types  of  separated  flow  (rearward 
and  forward  facing  steps,  ramps,  cavities,  shock  wave  boundary 
layer  interaction)  over  a  range  of  Mach  numbers  (1.5  to  7.0). 
Later  research,  by  Ginoux,  employing  total-head  and  static 
probe  surveys  at  various  heights  in  the  reattaching  boundary 


layer  of  atepmodele  reaulted  in  determining  the  nature  of  theee 
three-dimensional  perturbations  (paf.  It)*  Zn  faot  tha  dieturb- 
anoaa  at  reattachment  proved  to  oonaiat  of  a  row  of  counter- 
rotating  atreaawiae  vortioea  generally  located  vithin  tha 
boundary  layer.  Zn  thia  aaaa  raaaaroh,  to  aaaa  tha  experimental 
atudy,  tha  amplitude  of  tha  flov  parturbationa  vaa  variad 
artificially  by  gluing  thin  atripa  of  oalluloaa  tapa  to  tha 
model  aurfaoa  in  tha  vicinity  of  tha  landing  adga.  A  tranaiant 
oalorinatrio  technique  vaa  uaad  in  determining  tha  affaot  thia 
email  artifioial  roughnaaa  had  on  tha  haat  tranafar  rata  at 
raattaohaant .  Thaaa  local  haat  tranafar  naaauraaanta  ahovad 
that  tha  vortioea  produoad  vary  larga  peaks  looally  in  tha 
haating  rata,  auoh  largar  than  tha  uaually  aaaaurad  turbulent 
value  after  tranaition. 

Previoua  invaatigation  haa  thua  demonstrated  tha 
exiatanca  and  important  significance  (i.a.  j  peaked  heating) 
of  thraa-dimanaional  perturbations  in  a  reattaching  boundary 
layar  on  tvo-dimena ional  models.  Zt  has  also  been  shown  that 
tha  leading  adga  aots  as  a  mechanism  which  initiates  thaaa 
perturbations.  It  is  clear  therefore  that  a  two-dimensional 
configuration  ia  not  ideally  suited  for  a  detailed  study  of 
controlled  roughness  for  it  is  not  intrinsically  vortex-free. 
Thus  the  impetus  is  given  for  the  study  of  an  axisymmetric 
configuration  whereby  the  finite  leading  edge  is  replaced  by 
a  point. 


This  report  is  intended  to  verify,  by  comparison  of 
hollow  and  closed  nosed  axisymmetric  models,  that  a  pointed 
axisymmetric  configuration  is  ideally  suited  for  studies  of 
controlled  roughness  since  it  gives  rise  to  a  vortex-free 
environment . 
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Ultimately  the  effeot  of  introducing  varioue  eieee  of  three- 
dimeneional  roughneee  (oylinder)  at  different  npaoinge  will 
be  examined  in  the  reattachment  region. 


8.  APPARATUS 


8 . 1 .  Wind  Tunnsl 

The  test  program  vaa  oonduotad  in  tha  VKZ  H-l  hypar- 
•onio  vind-tunnel  in  a  contoured  reetengular  noasle  at  M  ■  5  •  • 
Tha  aiaa  of  tha  taat  aaotion  vaa  lit  x  lit  on2  and  tha  flov  vaa 
uniform  vithin  1  %  in  Naoh  number.  Punning  timaa  up  to  3  ainutaa 
vara  available  at  tunnal  atagnation  praaaura  of  12  to  32  kilogram^ 
foroa  par  square  oantimatar  absolute  and  vith  atagnation  temp- 
aratura  of  l60*C  to  850#C. 

Tha  H-l  facility  is  equipped  vith  a  double-paaa 
sohXeren  (aithar  oontinuoua  or  inatantanaoua  light  aourca) 
ayatam  and  an  inatantanaoua-apark  ahadovgraph  systora.  Both 
optical  ayatama  maka  uaa  of  convantional  apharical  mirrora. 

An  incidanca  mechaniam  is  an  integrated  feature  of 
the  tunnel  ao  that  angle  of  attack  may  be  adjusted. 

2.2.  MSLfl&lS 

Two  basic  model  designs  were  employed  :  flared 
hollov  cylinder  and  flared  ogive  cylinder  configurations. 

The  geometry,  dimensions  and  designations  ofthe  various 
models  are  given  in  fig.  1.  All  models  were  constructed 
from  stainless  steel. 

Preliminary  tests  were  conducted  on  both  basic 
model  designs  in  order  to  exraaine  the  flov  field  dependence 
on  flare  angle  and  position.  For  this  study  movable  flares 
were  emloyed  so  that  a  range  of  1+0  millimeters  could  be 


covered. 
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For  the  roughness  tests  only  tha  noaad  configuration 
vai  anployad.  Its  daaign  waa  such  that  tha  nosa  could  ba  removed 
to  sake  posaibla  the  introduction  of  narrow  rings  on  which 
roughness  elements  had  bean  installed.  The  dimensions  of  the 
roughness  elements  and  the  ring  designations  are  given  in 
fig.  2.  The  roughness  elements  consisted  of  certain  diameter 
wire  foroe  fitted  into  holes  drilled  in  the  ring  and  then  cut 
or  filed  to  the  desired  height.  Fig.  3  shows  model  OC-II  vith 
nose  slightly  unscrewed  to  illustrate  the  installation  of 
roughness  ring  RE-8. 

2 . 3 •  Instruments  and  Instrumentation 

A  small  2b  volt  DC  electric  motor  was  used  to  rotate 
the  model  at  a  constant  angular  velocity  of  0.6°  per  second  over 
a  range  of  110°  in  either  direction.  The  motor-model  integration 
is  shown  in  fig.  3. 

A  single  pitot  probe  was  attached  to  the  overhead 
tunnel  wall  in  such  a  manner  that  it  could  be  manually  moved, 
by  means  of  a  worm-gear  mechanism,  normal  to  the  flow.  The 
probe  had  outside  and  inside  diameters  of  0.8  and  0.6  milli¬ 
meters  respectively.  Two  electrical  pressure  transducers  vith 
ranges  of  100  and  1000  millimeters  of  mercury  were  referenced 
to  vacuum,  atmosphere,  or  a  certain  tank  pressure  depending 
upon  the  sensitivity  and  total  nead  level  desired.  The 
electrical  outputs  of  the  transducers  were  recorded  on  a 
digital  readout  recorder  and/or  a  graphispot  chart  recorder. 

Four  alignment  pressure  taps,  at  90°  intervals, 
were  positioned  20  millimeters  from  the  flare  end.  These  static 
pressures  were  measured  by  connecting  the  orifices  to  a 
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pressure  svitohing  device  which  in  turn  connected  the  orifices 
to  the  0-100  mm  Hg  transducer  desoibed  above,  whose  electrical 
output  vas  fed  to  the  digital  readout  recorder. 
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3.  MEASUREMENTS  AND  TEST  TECHNIQUES 

3.1.  Flov  Visualization 

For  the  laminar-transitional  study  presented  in 
section^*  it  was  necessary  to  visualize  the  flov  field  of 
different  model  configurations  over  a  range  of  Reynolds 
numbers.  An  indication  of  different  flov  regions  was  obtained 
from  the  schlieren  and  shadow  pictures.  These  two  optical 
techniques  were  especially  necessary  in  the  determination 
of  the  separation  length,  by  measuring  the  distance  between 
the  separation  and  reattachment  shocks,  as  they  appeared  on 
the  photographs. 

Visual  indications  were  obtained  of  the  spanvise 
variations  of  boundary  layer  properties  by  the  sublimation 
technique  in  which  a  volatile  chemical  solid  is  sprayed  over 
the  model  surface,  and  upon  exposition  to  the  airstream 
sublimes  at  a  rate  proportional  to  the  local  skin  friction 
coefficient  (assuming  a  constant  wall  temperature ) .  The 
diffusible  solid  andthe  solvent  used  in  this  investigation 
were  acenaphtene  and  petroleum  ether  respectively.  This 
saturated  solution  has  been  sucessfully  used  for  running  times 
of  up  to  two  minutes.  In  order  to  improve  the  method,  the 
surface  of  the  models  was  first  sprayed  with  tracing  blue  ink 
and  then  the  acenaphthene  in  order  to  yield  a  good  contrast 
between  regions  of  high  and  low  sublimation  rates. 

3.2.  Total  Head  Surveys 

Total  head  surveys  were  obtained  in  a  transverse  plane 
as  the  model  was  rotated  by  the  electric  motor  described  in 
section  2.  Although  the  probe  was  fixed,  surveys  were  made  at 
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different  stations  (both  after  and  before  separation)  by  moving 
the  model  either  forward  or  rearward  in  the  uniform  flow 
produced  in  the  test  section.  Different  heights  in  the  boundary 
layer  were  surveyed  by  employing  the  manually  operated  worm-gear 
mechanism.  Measurements  were  obtained  on  both  the  ogive  cylinder 
with  and  without  roughness  rings  and  the  hollow  cylinder. 
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4.  PRECISION  AND  ACCURACY 


4.1.  Optical  Techniques 

The  study  of  section  5  required  extensive  use  of  the 
schlieren  and  shadowgraph  techniques.  It  is  noted  that  the 
location  of  transition  and  separation  length  varied  between  the 
two  techniques;  however,  interest  was  centered  on  trends  rather 
than  absolute  magnitudes,  and  in  this  aspect  both  optical  methods 
were  complementary. 

4.2.  Sublimation  Technique 

A  dissolved  chemical  solid  sublimes  at  a  rate  pro¬ 
portional  to  the  local  skin  friction  coefficient  if  the  wall 
temperature  is  constant.  Such  an  isothermal  condition  cannot 
be  achieved  in  the  H-l  facility  at  practical  running  times. 
However  it  is  noted  that  the  present  investigation  does  not 
deal  with  streamwise  but  instead  with  transverse  variations, 
which  are  validly  observed  irregardless  of  a  non-uniform 
sublimation  rate. 

4.3.  Pressure  Measurements 


Unless  otherwise  specified  all  tests  were  conducted 
at  a  stagnation  pressure  of  15.2  +  0.2  kg/cm2.  The  small 
variation  was  not  accounted  for  since  rigorous  quantitative 
measurements  were  not  sought  in  this  investigation. 

The  error  in  static  and  pitot  measurements  is 
considered  to  be  1  percent  at  most.  The  accuracy  of  the 
pressure  transducers  is  approximately  1/2  percent  of  full 
scale  reading,  and  a  calibration  error  of  1/2  percent  is 
considered  an  upper  limit. 
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Intereat  vat  plactd  on  a  quiok  probe  ratpontt  rathar 
than  amall  proba  diameter.  Upon  examining  tha  raaponta  tima  it 
vat  observed  that  tha  proba  produoad  an  aoourata  raadlng  vithin 
1  paroant  ef  tha  atynptotio  valua  in  lata  than  1/2  second.  Thia 
oorraaponda  to  only  0.2  dagraaa  of  angular  rotation  of  tha  modal 
vhioh  ia  oonaidarad  nagligibla. 


1*.  1*. 


Owing  to  tha  ralativaly  large  atagnation  tamparatura 

'a 

compared  to  ambiant  tamparatura  tha  raoovary  tamparatura  vat 
never  raaohad  during  teat  running  timaa.  Thua  a  gradiant  in  wall 
tamparatura  with  tima  alwaya  axiatad  producing  haat  tranafar 
from  tha  boundary  layar  to  the  modal  aurfaoa.  Significant  boundary 
layar  growth  (aatimatad  to  ba  20  paroant  on  tha  flara  in 
appendix  IV)  ooourrad  during  aaoh  run.  Tha  raault  ia  that  tha 
probe  location  relative  to  tha  boundary  layar  gradually  de- 
creaaea  during  the  aourae  of  a  teat  producing  a  falling  mean 
pressure.  See  fig.  !* .  Correspondingly  the  boundary  layer 
profiles  (pressure)  initially  and  at  the  and  of  each  teat 
reflect  this  difference  as  shown  in  fig.  5.  Thia  gradual  drop 
in  pressure  level  ia  not  considered  important  for  the  range 
of  boundary  heights  investigated  especially  since  interest 
was  centered  on  fluObuations  of  the  mean  rather  than  the 
absolute  value  of  pressure  level. 


However  the  effect  of  boundary  layer  growth  upon  the 
roughness  height  compared  to  boundary  layer  thickness  could  be 
significant  since  the  ratio  of  k/6  would  decrease  during  a  test. 
The  effectiveness  of  a  protuberance  in  disturbing  the  flow  is 
therefore  greatest  initially  and  then  gradually  falls  off.  This 
phenomenon  was  observed  qualitatively  but  not  quantitatively. 


future  investigators  should  oonsidsr  this  sffsot  of  temperature 


^ . 5 .  Allignment 

Allignment  prsssurs  tsps  vsrs  initially  employed  to 
oenterthe  model  so  thst  oross  fXov  oouXd  not  contaminate  ths 
ssparatsd  rsgion.  This  precaution  van  subsequently  eliminated 
after  sublimation  tests  verified  that  a  misalignment  of  at 
least  0.8  degrees  or  less  did  not  introduoe  observable  per¬ 
turbation. 


U.6.  tjaAil  S^MMlXMliSL 

Difficulties  were  encountered  in  the  construction  of 
roughness  rings  due  to  the  small  site  of  the  protuberances. 
Under  ma$,ni, fixation  (xlOO)  it  vae  found  that  the  roughness 
elements  varied  by  10  percent  in  height  and  5  percent  in 
diameter  (for  the  most  common  sise  (K  »  .2,  a  »  .5)  in  some 
instances.  An  error  in  effective  area  of  lf>  percent  for  a 
particular  element  would  not  be  uncommon.  This  was  considered 
unimportant  for  the  tests  investigating  spacing  since  only  a 
physical  appreciation  for  the  phenomenon  was  sought.  Hovever 
for  the  investigation  of  protuberance  sise  (ring  RE-VD8 )  care 
was  taken,  employing  the  microscope,  to  record  the  exact 
dimensions  of  each  roughness  element. 
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5.  GENERATION  OF  LAMINAR  FLOW  FIELD 

The  objective  of  this  investigation  was  to  examine 
the  effect  of  discrete  roughness  elements  in  a  laminar  re¬ 
attachment  region.  It  vas  therefore  necessary  to  obtain  a 
reattaching,  boundary  layer  that  vas  fundamentally  laminar. 

This  laminar  condition  vas  to  be  satisfied  not  only  on  models 
free  of  roughness. elements  but  also  vith  the  roughness  rings 
introduced. 

Because  of  the  difficulty  in  determining,  from  flov 
visualization  photographs,  the. fine,  gradation,  betveen  laminar 
and  transitional. flovs ,  it  became  desirable  to  employ  the 
folloving  criterion  (ref.  5)  in  determining  the  types  of  re¬ 
attachment  that  existed  on  the  HC  and  OCI  models.  This  criterion 
specifies  the. manner  in  vhich  the  separation  length,  tB,  varies 
vith  Reynolds  number.  In  this  paper  the  separation  length  is 
defined  as. the. distance,  along  the  body  surface,  betveen  the 
separation  and  reattachment  shocks  vhen  they  are  extrapolated 
to  the  model. vail.  It  vas  observed  for  the  HC  and  OCI  models 
that  the  extrapolation  point  of  the  reattachment  shock  generally 
coincided  vith  the  flare  cylinder  junction  vithin  the  error  of 
measurement.  To  ease  the  investigation,  the  separation  length 
vas  taken  to  be  the  distance  betveen  the  extrapolated  separation 
shock  and  the  junction. 

The  dependence  of  separation  length  on  Reynolds  number 
is  such  that  for  laminar  reattachment  the  relationship  is  direct 
vhile  for  transitional  reattachment  it  is  inverse. 

See  belov. 
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5*1.  Without  Roughness 

Preliminary  testa  were  conducted  on  HC  and  OCI  models 
in  order  to  determine  an  optimum  model  geometry  on  which  laminar 
reattachment  could  he  assured.  An  upperbound  on  cylinder  length, 
L,  and  flare  angle,  9,  was  sought  so  that  the  boundary  layer 
vould  exhibit  sufficient  growth  and  so  the  ensuing  separated 
region  would  have  reasonable  size. 

Each  model  configuration  (18  in  total)  was  run  at 
four  different  Reynolds  number  levels,  the  Reynolds  number 
being  varied  through  its  dependence  on  stagnation  pressure. 

For  each  configuration  both  schlieren  and  shadowgraph  pictures 
were  obtained  at  each  Reynolds  number.  The  separation  length 
was  carefully  measured  on  each  photograph  and  plotted  against 
Reynolds  number.  The  curve  for  each  model  configuration  was 
obtained  by  observing  the  trend  of  both  schlieren  and  shadow¬ 
graph  data  which  comjaemented  each  other.  The  results  for  the 
7  1/2 °  flare  models  are  presented  in  fig.  6.  A  table  summa¬ 
rizing  the  type  of  flow  reattachment  is  shown  below.  (All  5° 
flare  models  exhibited  laminar  reattachment ) . 
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Model 

e 

D 

Laminar 

Lam- (Low  Re) 
Trans-( High  Re) 

Transitional 

HC-2 

7  i 

mm 

X 

-5 

m 

X 

-8 

60 

X 

OCI-2 

7  2 

m 

X 

-5 

m 

X 

-8 

60 

X 

HC-3 

10 

m 

X 

-6 

1 

X 

-9 

60 

X 

0C-3 

10 

□ 

X 

-6 

11 

X 

-9 

60 

_ 

X 

On  the  basis  of  these  results,  models  HC-5  and  OCI-5 
(becomes  OCII)  were  selected  for  the  continuation  of  the 
research,  for  they  both  exhibit  laminar  reattachment  at  low 
Reynolds  numbers  especially.  The  flow  field  over  these  optimum 
models  is  seen  on  schlieren  and  shadowgraph  pictures  in  fig.  7. 

5.2.  With  Roughness 

The  same  criterion  was  employed  to  determine  if  a 
typical  roughness  element  could  significantly  infuence  the 
upstream  transition  movement  such  that  it  would  contaminate 
the  laminar  reattachment.  A  single  protuberance  of  diameter 
0.5  millimeters  and  height  0.2  millimeters  was  chosen  .  This 
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height  was  found  to  he  slightly  less  than  the  calculated 
boundary  layer  thickness  of  0.22  milometers  at  the  roughness 
location  (see  appendix  I). 


Shadowgraphs  were  obtained  for  the  flow  over  model 
OCI-5  with  the  roughness  element  in  a  vertical  longitudinal 
plane.  The  results  which  indicate  a  laminar  reattachment  are 
tabulated  below. 


P<5 

*s 

24.2 

22.6 

17.4 

12.8 

20.6 

19.6 

17.1 

EST.  16  -J-  * 

ii  At  low  stagnation  pressure  levels  it  becomes  difficult 
to  observe  the  shock  pattern. 

In  support  of  this  result .,  Eolloway  and  Sterret  (Ref. 6) 
have  reported  that  transition  may  be  delayed  slightly  when  the 
surface  roughness  is  less  than  the  boundary  layer  thickness. 

Although  the  single  roughness  element  appeared  not 
to  influence  the  forward  movement  of  transition,  it  was 
anticipated  that  the  spacing  of  several  elements  might  affect 
the  transition  location.  This  was  not  verified  in  the  H-l 
facility;  however,  the  data  of  reference  7  indicates  that  the 
lateral  spacing  of  a  single  row  of  roughness  elements  (spheres) 
has  little  effect  on  boundary  layer  transition  provided  the 
spheres  are  not  so  close  together  that  a  two-dimensional 
roughness  is  approximated.  Reference  8  shows,  for  subsonic  flow, 
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that  a  spanvise  spacing  of  projections  equal  to  3  times  the 
projection  diameter  had  no  effect  on  the  critical  roughness 
height  as  compared  vith  a  single  projection.  This  may  not  he 
strictly  true  for  supersonic  speeds  where  the  kinematic 
viscosity  varies  vith  temperature  in  addition  to  the  velocity 
variation.  Nevertheless  Braslow  reported  (ref.  8)  that  the 
transition  triggering  mechanism  of  tnree-dimensional  pro¬ 
tuberances  appeared  to  be  the  same  at  supersonic  and  subsonic 
speeds . 


On  the  basis  of  the  above  it  was  expected  that  . 
roughness  elements  of  height  0.2  millimeters  or  less  did  not 
contaminate  the  laminar  reattachment  of  model  OCII. 


6.  PHYSICAL  INTERPRETATION  OF  SPACING  EFFECT 

It  has  been  shovn  that  the  three-dimensional  per¬ 
turbations  existing  at  reattachment  are  actually  pairs  of 
counter-rotating  vortices  (ref.  k).  Consider  hov  such  a  pair 
of  vortices  affects  the  boundary  layer  by  analyzing  the 
induced  velocity  at  points  A,  B  and  C  shovn  below*. 


VORTEX  1  VORTEX  2 


The  induced  velocities  are  as  shovn.  The  boundary  layer  at  A 
and  C  tends  to  thicken  while  at  the  center  point  B  it  becomes 
thinner.  The  deformation  theoretically  is  greater  between  the 
vortices  at  B  since  there  the  induced  velocities  complement 
each  other. 

Consider  a  small  two-dimensional  protuberance  on  a 
body  surface  subjected  to  an  airstream.  The  air  must  separate 
in  order  to  flow  over  the  obstacle  thus  generating  a  region  or 
reversed  flow  as  shovn  below. 


n 

It  is  also  noted  that  a  single  vortex  could  affect  the 
boundary  layer  profile  as  well. 
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For  the 
separated  region , 
must  "wrap  itself 
travel  downstream 


three-dimensional  roughness  case  this 
inxhich  a  vortex-type  pattern  is  produced, 
around"  the  projection  and  consequently 
as  shown  below. 


The  downstream  pattern  appears  to  result  in  a  pair  of  counter¬ 
rotating  vortices.  If  this  is  true  the  boundary  layer  will 
exhibit  "waviness"  (described  earlier)  due  to  the  presence  of 
the  protuberance. 


Consider  a  typical  profile  for  points  A  (or  C)  and  B 
with  respect  to  an  undisturbed  one.  The  boundary  layer  thickness 
at  A  will  be  greater  while  at  B  it  will  be  lesB,  due  to  the 
influence  of  the  vortices.  Ginoux  has  shown  (ref.  3)  that  the 
slopes  of  the  deformed  profiles  must  be  as  indicated  below. 

This  has  also  been  verified  in  the  present  investigation  by 
utilizing  results  from  sublimation  tests. 


U, 


>  6 


<  U 


B 


B 


PpA  <  PpB 
6  u  5u 

«yA  «yB 


From  the  above  it  follows  that  the  percent  amplitude 
(Au/u)  between  points  A  and  B  will  be  greatest  in  the 


fluctuation 

mid-region 
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of  the  boundary  layer.  It  is  therefore  expected  that  spanviie 
pitot  surveys  across  a  pair  of  vortices  would  be  a  successful 
means  of  detecting  the  influence  of  a  roughness  element,  in 
which  case  a  "valley-peak-valley"  distribution  would  result 
for  points  A,  B,  C  respectively.  Although  the  velocity  fluctU' 
ation  dies  out  near  the  wall  (—  -►0),  the  slopes  of  the  two 
profiles  differ,  markedly  as  y-*0  so  that  the  sublimation  tech¬ 
nique  may  be  employed  ii  analyzing  a  roughness  element's 
influence  on  transverse  boundary  layer  properties. 

Consider  two  equal  sized  roughness  elements  spaced 
far  apart  so  that  one  has  negligible  influence  upon  the  other.. 
The  idealized  model  of  the  pitot  pressure  variation  is  shown 
below;  note  that  this  is  roughly  the  inverse  of  the  deformed 
boundary  layer  thickness. 


It  is  interesting  to  consider  the  possibility  of 
moving  the  roughness  elements  closer  together.  For  t0  >  0 
vortices  2  and  3  do  not  interact  with  each  other  assuming 


that  no  aooondary  vortiooa  oro  induood  by  tho  original  pair  of 
vortiooa  oonaidorod  abovo>  Tho  condition  to  ■  0^  tpj  *  *  ♦  Bv) 
i«  tormod  "Juat  oritioal".  For  lost  than  tho  oritioal  apaoing 
tho  profilo  io  oxpootod  to  aaaumo  varioua  ahapoa  dopondlng  upon 
tho  mutual  inAuonoo  of  vortiooo  6  and  3.  Tho  moot  intorooting 
intoraotion  oaao  is  oxpootod  to  ooour  vhon  tho  tvo  adjaoont 
yalloya  aro  auporimpoaod  (  Opj  ■  *  or  *o+Sv«0 ),  Thia  aituation 
in  vhioh  tho  tvo  valloya  appoar  to  bo  oomplomonting  oaoh  othor 
(noto  that  vortiooo  S  and  3*  booauao  of  thoir  proximity,  might 
nov  bo  oonaidorod  a  oountor-rotat ing  pair)  ia  tormod  "total 
roinforoing" .  Thoao  and  othor  intormodiato  poaaiblo  angular 
apaoinga  aro  oonaidorod  in  fig.  P. 


For  the  hollow  cylinder  it  vaa  of  intaraat  to  aaaaura 
tha  Maxinum  paroant  fluctuation  on  the  naan  and  tha  vavaiangth. 
The  aaxi mum  paroant  fluctuation  i«  denoted  by  ( APp/Pj,  )  whara 
tha  aaan  ia  defined  a a  tha  averag*  of  tha  paak  and  neighboring 
valley  pressure  lavala  of  tha  fluctuation  yialding  tha  graataat 
pitot  praaaura  difference,  Tha  vavaiangth,  X,  ia  dafinad  aa  tha 
ratio  of  a  oartain  baaic  apanviaa  length  (or  aro )  divided  by 
tha  nuaiber  of  paaks,  or  valloyai  raoordad  along  that  langth. 

Tha  ratio  of  wavalangth  to  tha  oaloulatad  boundary  layar 
t'loknesa  (aaa  appendix  XI)  vaa  obtainad  in  ordar  to  ooapara 
vith  tha  raaulta  of  reference  P. 

For  tha  roughnaaa  nodal,  OCXX,  intaraat  vaa  oantarad 
on  tha  paroant  amplitude  fluotuation  and  tha  "vallay  vavaiangth" 
of  a  roughnaaa  elamant  profila.  Tha  paroant  fluctuation  ia 
APp/Pp,  and  tha  "vallay  vavaiangth",  A,  of  a  givan  protubaranoa 
ia  tha  diatanoa  (or  aro)  batvaan  tha  two  vallaya  that  flank  tha 
parant  paak. 


8.  RESULTS  AND  DISCUSSION 


8.1.  Hollow  Cylinder 

The  complete  data  and  test  conditions  are  shown  in 
table  1.  Typical  pitot  pressure  variations  with  relative 
angular  position  are  illustrated  in  figure  9  end  results 
from  sublimation  tests  are  shown  in  figure  10. 

It  is  especially  noted  that  significantly  large  per¬ 
turbations  exist  at  reattachment ;  a  maximum  fluctuation  of 
50%  or  more  is  not  uncommon.  It  was  reported  in  ref.  5  that 
in  some  cases  pitot  pressure  spanwise  variations  were  as  large 
as  50%  of  a  reference  value  on  the  centerline  of  two-dimensional 
step  models. 

It  is  to  be  observed  that  maximum  and  minimum  pressure 
differences  appear  to  be  very  irregular*  however,  the  dis¬ 
placements  between  the  pressure  peaks  (wavelength)  seem  to  be 
roughly  equal  (note  test  F260  in  particular).  The  number  of 
these  peaks  is  in  agreement  with  the  number  of  striations 
detected  on  the  model  surface  with  the  sublimation  technique. 
This  can  be  seen  by  comparing  Tests  F56,  110,  225  (Table  l) 
in  which  the  same  leading  edge  condition  existed. 

The  ratio  of  wavelength  to  boundary  layer  thickness 
(calculated  in  Appendix  II)  is  to  be  compared  with  Ginoux's 
backward  facing  Btep  data.  In  the  reattachment  region  at  Xj.“30 
the  non-dimens ioned  wavelength  is  shown  versus  leading  edge 
condition  in  the  chart  below. 


r„>  W 
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Ref.  2  reports,  for  "moderate"  separated  flows,  that 
the  ratio  of  wavelength  to  boundary  layer  thickness  at  separ¬ 
ation  has  a  range  of  about  2  to  3  1/H.  The  results  of  this 
research  are  in  good  agreement. 

It  would  be  interesting  to  investigate  the  dependence 
of  wavelength  upon  leading  edge  condition  and  flare  station. 

From  Table  I  speculation  on  these  two  relationships  is  possible 
(see  Project  Report  67-171);  however,  it  certainly  would  not  be 
conclusive.  Suffice  it  to  say  that  further  data  must  be  obtained 
in  these  areas. 

The  most  unquestionable  result  obtained  from  hollow 
cylinder  tests  is  also  the  most  important.  Strong  perturbations 
exist  at  reattachment  which  are  triggered  by  inaccuracies  in  the 
machining  of  the  leading  edge  (as  explained  in  ref.  3)»  These 
strong  total  head  variations  indicate  that  the  bjuxdary  layer 
profiles  are  distorted  in  such  a  nlanner  that  the  %o^ndary  layer 
exhibits  waviness. 

This  study  has  verified  that  axisymmetric  configurations 
featuring  leading  edges  are  poor  specimens  on  which  to  study  the 
effects  of  controlled  roughness  for  the  flow  is  not  free  of  three- 
dimensional  perturbations. 
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8.2.  Ogive  Cylinder 


8.2.1.  Without  roughnesjs 

A  spanwise  pitot  survey  and  the  sublimation  technique 
have  demonstrated  that  a  closed  nosed  configuration  is  entirely 
free  of  three  dimensional  perturbations.  These  results  are  shown 
in  figs.  11  and  12  respectively.  Comparison  with  the  results  of 
figs.  9  and  10  for  the  hollow  cylinder  illustrates  the  contrast. 
The  results  of  the  pitot  survey  indicates  that  a  maximum  fluctua¬ 
tion  of  only  2%  exists  at  reattachment  on  the  ogive  cylinder 
compared  to  5 0 J6  on  the  hollow  cylinder. 

It  is  therefore  clear  that  a  closed  nosed  configuration 
is  ideally  suited  for  roughness  studies  since  it  is  intrinsically 
free  of  three  dimensional  perturbation.  This  is  an  agreement  with 
the  earlier  observation  made  by  Ginoux  in  ref.  5. 

8.2.2.  _Prjel im_i nar^  jLnv^s.t^gat  i_o£B_j-  R_ ingjs  RE^8_,_1_6  ,_3  2 

Prior  to  the  formal  investigation  of  controlled 
roughness,  rings  RE-8,  l6,  32  were  subjected  to  total  head 
surveys  and  sublimation  tests.  Typical  pressure  distributions 
are  shown  in  figs.  13,  1^,  15*  respectively,  while  the  complete 
data  is  reduced  in  table  2.  Photographs  of  the  sublimation 
results  appear  in  fig.  l6. 

For  roughness  ring  RE-8  (  )  equal  sized 

protuberances  are  so  spaced  that  the  vortices  of  one  do  not 
interact  with  those  of  another  (see  fig.  13).  The  typical 
valley-peak-valley  distribution  anticipated  in  section  6  has 
resulted  for  a  single  element.  Notice  that  the  sublimation 
technique  produced  a  light-dark-light  contract  which  must 
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necessarily  match  the  valley-psak-valley  distribution  of  pitot 
pressure. 

To  reiterate,  the  peak  and  striation  (dark  line  of  a 
sublimation  test)  result  from  a  depression  in  the  boundary 
layer  due  to  the  action  of  a  pair  of  counter-rotating  vortices. 
The  boundary  layer  velocity  profile  is  deformed  such  that  its 
magnitude,  at  any  given  height,  is  increased  (producing  the 
peak)  and  its  slope  at  the  vail  is  greater  (producing  the 
striation)  compared  to  an  undisturbed  profile. 


i 

\  From  fig.  li  the  "just  critical"  condition,  below 

|  which  disturbances  from  neighboring  elements  interact,  can  be 

calculated  as  explained  in  section  6.  The  result  for  the  element 
sise  employed  on  RE-8,  16,  32  (K«0.2,  d»0.5)  is  0rj;«21  1/2  degrees. 
!  Thus  RE-l6(eRE»22  1/2°)  should  almost  demonstrate  the  just 

|  critical  condition  while  RE-32  (8rj;*11  1/4°)  should  certainly 

|  exhibit  interaction.  Inspection  of  figs.  l4  and  15  supports 

|  this  contention  which  will  be  considered  in  greater  detail 

Ivhen  the  results  of  variable  spacing  are  discussed. 

It  is  interesting  to  note  how  well  the  sublimation 
\  results  match  the  total  head  distribution.  For  ring  RE-16  the 

f  "light-medium-light-very  dark-light" striation  scheme  corresponds 

\  exactly  to  the  "valley-small  peak-valley.-large  peak-valley" 

i  pressure  variation.  The  equally  spaced  striations  of  ring  RE-32 

|  fit  well  with  the  alternating  peak  and  valley  pressure  distribu- 

\  tion. 

i 

i 

!  8.2,3.  Me  a  sur^ment^ut  strean  o  f_s_eparat  io  n 

Figure  17  shows  the  reuults  of  spanwise  pressure 

i 

distribution,  ahead  of  separation- for ' ring  RE-32.  The  reduced 
data  appears  in  Table  2.  ^ 
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It  is  first  noticed  that  the  amplitude  of  the  fluctuations  ia  greatly 
reduced  compared  to  those obs erred  at  reattachment  (AP p/Pp  is  of 
the  order  of  10  percent  before  separation  while  at  reattachment 
it  is  about  50  percent).  Secondly  it  is  observed  that  the 
wavelength  is  unaffected  by  separation  being  about  11  degrees 
in  both  cases.  Also  the  wavelength  appears  to  be  almost  in¬ 
variant  with  the  mean  or  position  in  the  boundary  layer  even 
though  the  amplitude  ia  sensitive  to  location.  It  may  be  that 
a  perturbation  is  "born”  with  a  certain  wavelength  which  it 
retains  independent  of  amplitude  attenuations. 

It  is  concluded  that  a  small  roughness  element 
initiates  a  weak  perturbation  of  a  given  wavelength.  The 
mechanism  of  separation  then  amplifies  this  disturbance  to 
produce  a  strong  fluctuation  of  the  same  wavelenth  at  re¬ 
attachment.  It  is,  however,  unclear  how  the  free  shear  layer 
amplifies  a  disturbance  and  more  research  is  required  to 
explain  this. 

8 . 2 .  U .  «£t_°£  roughne^js  is  i jb e 

The  inf!  tence  of  roughness  size  on  the  vortices  at 
reattachment  was  conducted  using  the  variable  dimension 
roughness  ring,  RE-VD8.  The  pitot  pressure  distributions  are 
presented  in  figs.  l8,  19,  20,  and  the  data  is  reduced  in 
Table  3.  For  this  analysis  the  independent  variables  are  the 
height,  k,  and  diameter,  d,  of  a  protuberance,  while  the 
dependent  variables  are  the  percent  fluctuation,  APp/Pp,  and 
wavelength,  A 

Because  of  the  odd  dimensions,  due  to  machining 
difficulties,  it  is  possible  to  investigate  the  effect  of 
variable  height  for  elements  of  similar  diameters  in  only 
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three  instances.  This  is  presented  in  tabular  form  in  Table  h. 

It  is  observed  as  K  decreases  both  APp/Pp  and  X  decrease  as  veil*. 
It  is  therefore  concluded  that  both  percent  fluctuation  and 
wavelength  vary  directly  as  roughness  height  for  a  fixed 
diameter. 


It  is  possible  to  compare  the  effect  of  varying  the 
roughness  diameter  at  three  different  levels  (approximate)  of 
roughness  height.  See  Table  5.  In  each  of  the  three  height 
levels  it  is  seen  that  the  percent  fluctuation  and  wavelength 
both  decrease  with  diameter  for  height  roughly  constant.  It 
is  concluded  that  the  two. dependent  variables,  APp/Pp  and  X, 
are  related- directly  to  roughness  diameter  for  elements  of 
equal  height. 

Therefore  it  is  seen  that  both  disturbance  properties, 
X  and  APp/Pp,  are  directly  related  to  both  the  independent 
variables,  k  and  h.  Thus  it  is  not  possible  to  simply  link 
amplitude  to  height  and  wavelength  to  diameter,  as  intuition 
might  suggest. 


The  only  flaw  in  this  trend  is  the  value  of  percent  fluctua¬ 
tion  for  the  smallest  height .( the  value. of . 33  1/2  seems  too 
high).  This  is  explained  by  observing  that  significant  variations 
occasionally  occurred  between  indentical  tunnel  tssts.  Notice 
that  test  F252  produced  an  unusually  high  value  (38  1/2)  for  the 
element  of  height  equal  to  .1 6b.  On  rechecking  test  conditions 
it  was  noticed  that  F252  was  run  at  a  substantially  lower  than 
normal  stagnation  temperature.  This  would  have  the  effect  of 
increasing  the  Reynolds  number  which  in  turn  decreases  the 
boundary  layer  thickness.  Thus  the  ratio  of  K/6  effectively 
increases  and  the  flow  views  the  protuberance  as  a  greater 
obstacle . 
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8.2.5*  Ef  f  eet__of  ro_ughnea_£  8_p£ci_n^ 

The  effect  of  roughness  spacing  is  considered  in  terms 
of  the  physical  interpretation  of  section  6.  The  variable  spacing 
roughness  ring,  RE-VS16,  vas  tested  at  two  reattachment  stations 
(Xf  ■  20  and  30)  in  order  to  yield  more  detailed  information  than 
the  previous  rings  (RE-8,  16,  32)  provided.  The  pressure  distribu 
tions  of  RE-VS16  are  presented  in  figures  21  ,  22  ,  23  ,  A. 

The  influence  of  angular  spacing  is  analyzed  over  a 
range  of  45  to  6  degrees,  as  illustrated  in  the  following  table. 


eRE  tested 

0pF  calculated 

Figure 

Approximate 

Description 

45 

0RE  >  21  1/2 

H9| 

Non-interaction 

22  1/2 

21  1/2 

Just  critical 

18 

18 

21 

Partial  interference 

15 

15 

22 

Total  interference 

11  1/U 

12 

15 

Partial  reinforcement 

8 

8 

23 

Total  reinforcement 

6 

7 

24 

3-D  to  2-D  transition 

The  interpretation  of  section  6  *  expected  to  be  qualitatively 

valid  assuming  that  the  roughness  elements  are  not  so  closely 
spaced  that  they  begin  to  approximate  a  two-dimensional  rough¬ 
ness  (i.e.  :  a  band).  Braslow  (ref.  8)  presents  results  indi¬ 
cating  that  a  critical  spacing  exists  such  that  two-dimensional 
effects  begin  to  occv  ~  ,ror  the  0.5  millimeter  dimeter  roughness 
considered  in  this  discussion  the  critical  spacing  for  model  OCII 
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is  about  7  degrees.  Thus  for  the  smallest  spacing  shovn  in  the 
above  table,  explanations  other  than  those  of  section  6  are 
necessary. 


For  degrees  a  considerable  region  of  no 

interaction,  exists  between  the  disturbances  at  reattachment. 
Based  upon  the  pressure  distribution  in  figure  1 3  it  was 
possible  to. estimate  Ore*  using  the  physical  model  of  section  6, 
for  each  of  the  types  of  interaction  described  in  the  above 
table. 


The  results  for  6re“22  1/2  degrees,  illustrate  that  the 
valley-peak-valley  distribution  of. one  element  is. immediately 
followed  by  another.  Note  the  short  "return  to  the  mean" 
pressure  between  adjacent  valleys  of  consecutive  roughness 
elements  which  agrees  with  the  "just  critical"  condition  of 
figure  8a. 

For.  6re*  18  degrees  it  is  observed  that  the  small 
peak  is  depressed,  some  what  below  the  mean.  It  seems  that  the 
influence  of.  vortices  2  and  3  (figure  8b  )  is  now  overlapping 
to  induce  an  upward  shift  in  the  boundary  layer  thus  suppressing 
the  small  pressure  peak. 

As  the  spacing  further  is  decreased  the  influence  of 
vortices  2  and  3  is  expected  to  increase.  At  an  angular  spacing 
of  15  degrees  the  small  peak  should  be  almost  completely  damped. 
Figure  22  indicates  that  total  interferences  is  on  the  verge  of 
being  achieved.  Only  a  minute  peak, well  below  the  mean,  exists 
in  the  hollow  of  the  valley. 

At  a  spacing  of  the  11  1/h  degrees,  the  result  is  the 
oscillatory  peak-valley  scheme  predicted  in  figure  0c  .  Vortices 
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2  and  3  must  now  be  so  close,  that  all  the  boundary  layer 
between  them  senses  the  induced  upvash  thereby  causing  the 
distinct  valley  in  pitot  pressure. 

The  results  for  the  total  reinforcing  condition 
illustrate  an  experimentally  perfect  sinusoidal  pattern.  Bote 
on  figure  23  for  the  test  at  Xf  ■>  30  (where  the  mean  was  re¬ 
corded  both  before  and  after  the  affected  region)  that  the 
alternating  peaks  and  valleys  are  not  only  equal  in  magnitude 
(relative  to  the  mean)  but  also  equally  spaced.  The  interpreta¬ 
tion  of  section  6  is  again  found  to  be  satisfactory.  It  must 
now  be  the  situation  such  that  vortices  2  and  3  constitute  a 
counter-rotating  pair  (of  opposite  sense)  in  addition  to 
vortex  pairs  1-2  and  3-**  (see  fig.  8e>  ). 

As  previously  indicated  spacings  of  7  degrees  or  less 
are  expected  to  result  in  disturbances  that  can  only  be  explained 
when  two-dimensional  effects  are  taken  into  account.  This  is 
apparent  on  comparing  the  distribution  for  0RE  *  6  degrees  with 
that  of  0p£  **  8  degrees.  It  is  observed  that  the  second  cf  the 
three  peaks  is  cons iderably , reduc ed  to  approximately  the  mean 
value.  It  appears . that , this  smaller  peak  becomes  "compressed" 
owing  to  the  proximity  of  the  two  outer  peaks.  Possibly  such 
closely  place  roughness  elements  "throttle"  the  flow  passing 
between  them  thus  producing  weaker  vortices.  Further  research 
employing  many  more  than  three  protuberances  at  the  6  degrees 
spacing  is  required  to  demonstrate  this. 

The  distribution  of  pitot  pressure  for  the  case 
described  as  total  reinforcement  (figure  23)  is  the  experiment¬ 
ally  desirable  one.  A  respectable  and  regular  spanvise  distribu¬ 
tion  of  alternating  peaks  and  valleys  with  equal  amplitude  and 
wavelength  was  sought  and  achieved.  It  is  concluded  that  it  is 
possible  to  artificially  create  a  homogeneous  peak-valley  pattern 
around  the  circumference  of  a  nosed  axisymmetric  configuration. 
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1.  Pitot  Preaaura  aurveya  and  aubliaation  taata  vara  auooeaaful- 
ly  conducted  on  hollov  oylindar  and  aloaad  noaad  axiaymmetric 
aodaXa  that  axhibitad  laminar  reattaobaent • 

2.  It  vaa  varifiad  that  an  ogive  noaad  axiaymmatrio  configuration 
ia  ideally  auitad  for  an  invaatigation  of  controlled  roughnaaa 
ainca  it  givaa  riaa  to  a  vortex-free  reattaching  flow. 

3.  It  vaa  ahova  that  variationa  in  roughnaaa  height  or  diameter 
oould  influence  both  the  amplitude  fluctuation  and  the 
vavelength  of  parturhationa  at  reattaohment . 

U.  By  controlling  the  roughnaaa  apaeing  it  vaa  damonatratad 
that  varioua. apanviaa. pitot  preaaura  profilea  oould  be 
artificially  aimulated.  In  particular  a  repeatable  and 
regular  apanviaa  diatribution  of  alternating  preaaura 
peaka  an  1  valleya  of  equal  magnitude  vaa  produced  at  re- 
attachment  . 
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A  very  first  order  analysis  it  presented  for  the 
estimation  of  tho  boundary  layer  thiokness  it  the  roughness 
looatdon.  Instead  of  tho  ogive  not*  (which  develops  a  negative 
proaourt  gradient)  a  conical  note  ia  assumed  »o  that  tha  Mangier 
transformation  may  ha  amployad  to  transform  tha  variables  to  an 
equivalent  flat  plate.  A  "compromise"  angle  vhioh  bisects  tha 
tip  and  ohord  anglaa  of  tha  ogive  ia  assumed.  Tho  transformation 
is  illustrated  below  where  the  barred  quantities  denote  flat 
plate  variables. 


r  ■  xaina 

y  •  *y 

x  ■  1/S  x*  tinJa 


d 


T/r(x) 


The  boundary  layer  thickness  for  the  cone  is  the  flat 
plate  value  reduced  by  l/r(x). 

For  a  flat  plate  employing  the  theory  of  Chapman  and 


Rubeain  : 


/T  -  T 

2.5  +  .22  M,,2  +  .96^-— - ^ 
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for  ^ h i •  analysis  An  adiabatio  will  t«  assumed  with 
th*  Chapman  constant  equal  to  unity.  Thu* , 


nnd 


1(5) 


(3  ♦  . UU  ) 


(3  ♦  .kk  M^2 ) 

fmmm ■»—  — ih 

A7*- 


Substituting,  x  ■  1/3  x1  sin2a  yialda  i 

•‘»l>  *.* 


Thia  ia  aimply  th*  formula  for  th*  flat  plat*  reduoed 
by  1//T.  axe  apt ,  tha  conditionn  on  tha  oona  ar  <■  to  ba  used. 


for  a  fraa  stream  Mach  number  of  5 . 1»  t  stagnation 
condition*  of  15  kgf/cm2  and  200°C,  and  a  con*  angle  of  31°  : 

Mm  -  ? , 5 

P„  ■  0.23  kgf/om2 
Tm  ■  210°  R 


Th*  calculated  boundary  layer  thickness  at  the  roughness 
location  (x  ■  U7  mm)  becomes  : 

6  ■  0.22  mm. 


Upon  comparison  with  schlieren  pictures,  this  value 
appears  conservative. 
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Prom  theory  of  Chapman-Rubes  in  for  a  flat  plat* 
aa Burning  y  m  1 . U  i 


4 


2.5  + 


/T  -T  \ 

.22  ♦  .96^-S-~£j 


vhBra  C 


?m  ♦  10fi\ 

tv"TT,'5S  J 


For  a  hollow  oylindar  whose  radius  is  much  greater  than  the 
boundary  layer  thickness  the  above  may  be  used.  The  approximate 
conditions  are  : 

M„  -  5.4 

To  ■  200° C  (nominal  value) 

Tw  ■  100°C  (assumed) 

Tr  -  l4o°C  (r  -  .846) 
x  ■  1*0  mm  (distance  to  junction) 

P0  -  15  kgf/cm2 


It  is  interesting  to  compare  the  terms  on  the  right 
hand  side  (subsonic  ,  compressibility,  heating  are  represented 
respectively)  : 


6/2 


2.5  +  6.4 


0.6 


8.3 


Finally , 
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Note  that  the  boundary  layer  pitot  profiles  (fig.  5)  indicate 
a  growth  of  about  30  % . 


TABLE  1.  HOLLOW  CYLINDER  RESULTS 


I 


F237  RE-32 


F238  RE-32 


LOCATION 


xf«30 


F239 

no 

rough¬ 

151 

210 

ness 

4 ( max } 


F2U3 

RE-32 

ll»3 

10.5 

136 

10.6 

F2U5 

RE-32 

6k 

11.1 

61 

12.3 

55 

11. 4 

before 

11  *  separation 
y/6  *  .5 


TABLE  2.  ROUGHNESS  RINGS  (RE-8.16, 32) 


TEST 

K 

F251 

.164 

F252 

.135 

.202 

.178 

.164 

F253 

.230 

.130 

.178 

F254 

.176 

.  230 

.130 

•  178 

F256 

.176 

.  230 

.130 

.178 

F258 

.164 

.  210 

F259 

.  210 

.l6\ 

1.03 


1.04 

.603 

.530 

1.03 


.  318 
.61*5 

.530 


.  340 
.318 
.64  5 
.530 


.  340 
.  318 
.6U  5 
.530 


1.03 

1.02 


± .  02 
-  03 


MEAN 


157 


164 

152 

133 

172 


67 

64 

60 


185 

170 

1U9 

127 


194 

181 

l6l 

139 


185 

206 


216 

195 


13.5° 


12.6 

11.2 

10.8 

14.1 


9.6 

10.5 

10.8 


9.9 

10.2 

9.9 

10.2 


9.9 

9.9 

10.2 

10.2 


*Pp  APp/Pp 


46  29  % 


55  33  i 

50  33 

49  37  \ 

66  38  | 


15  21  4 

18  28 

15  25 


11 
26 
36  24 

24  19 


7 


24 
32  20 
24  17 


56 


15.3 


77 


89  4l 

6l  31 


TEST 


K 

APp/Pp 

- . - 

( APp/Pp )AVG 

A 

^AVG 

.210 

1.02 

1*1 

39 

15.3 

15.3 

i 

i 

37  ‘ 

m 

.202 

.603 

33 

33 

11.2 

11.2 

.230 

.318 

21  » 

25 

9.6 

9.9 

15 

10.2 

\ 

13 

9.9 

.16I* 

.103 

38  l 

32 

u.i 

13.1* 

31 

ESS 

30 

12.9 

f 

' 

29 

El 

.178 

.503 

37 

21*1 

10.8 

10.5 

25 

10.8 

19 

10.2 

f 

17 

10.2 

.176 

.  31*0 

6 

5 

10.2 

10.1 

1 

t 

1* 

9.9 

.135 

l.OU 

33  \ 

331 

J  ^  2 

ESS 

12.6 

.130 

.  61+5 

28 

2k 

10.5 

10.2 

2k 

9.9 

! 

_ | 

■ 

20 

10.2 

TABLES .  EFFECT  OF  ROUGHNESS  DIAMETER 


Figur*  3-  MODEL  OCII . 
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SHADOWGRAPH  OF  MODEL  HC-5. 


SCHUEREN  PICTURE  OF  MODEL  HC-5. 


SHADOWGRAPH  OF  MODEL  OC  !I . 


Figure  7. 
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Fig.  8  VORTEX  INTERACTION 
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Technical  Note  Hi 

page  ii  3rd  linet  M  ■  5 .  3  should  rend  M  ■  5*1' 

vi  13th  linet  eoraa  section  should  read  cross-section 

vii  2nd  line!  p age  3H  should  read  pane  ?5 

12  lHth  linei  appendix  IV  should  read  appendix  III 

13  lHth  line!  (for  the  most  common  site  (K  ■  .2,  d  ■  .5) 

ahould  read!  (for  the  most  common  site;  K  •  .2 

21  top  sketch  \x\  and  u$  should  read  uj  and  "uj 

22  bottom  sketch!  <  4*^  is  true  for  small  y  or  as  y+0 

*yA  9y„ 

29  last  linei  a  light-dark-light  contract  should  read 
a  light-dark-light  contrast 
3H  last  linei  figure  0e  should  read  figure  8d 
35  28th  linei  a  respectable  should  read  a  repeatable 
Table  5i  2nd  column,  8th  rov!  ,103  should  read  1.03 
Figure  1 6 1  2nd  photograph!  231*  should  read  235 
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